ABSTRACT
Fibroblast growth factor receptors (FGFRs) exist as a gene family of 4 membrane bound receptor tyrosine kinases (FGFR1-4) that mediate signals of at least 22 fibroblast growth factors (FGF1-22). FGFs/FGFRs play important roles in multiple biological processes, including mesoderm induction and patterning, cell growth and migration, organ formation and bone growth. Furthermore, it has been shown that missense mutations of FGFR1-3 in human result in, at least, 14 congential bone diseases that are broadly classified into two groups: chondrodysplasia syndromes and craniosynostosis syndromes. The chondrodysplasia affects primarily the skeleton formed through endochondral ossification, resulting short-limbed dwarfisms, while the craniosynostosis affects mainly bones formed through intramembraneous ossification, leading to premature fusion of the craniofacial sutures. Using gene targeting, mouse models mimicking some of these human diseases have been created. Analysis of these mutant mice revealed essential functions of FGFs/FGFRs in skeletal development and maintenance. These models may be beneficial in future studies aimed at developing novel therapeutic strategies for FGFR-related skeletal dysplasias. In this review, we discuss the results of recent studies on FGF receptors to illustrate mechanisms through which the abnormally activated FGF/FGFR signaling results in these diseases.
INTRODUCTION: FGFS AND FGF RECEPTORS
Fibroblast growth factor (FGF) family is currently composed of 22 genes that encode structurally related secreted proteins (1) (2) (3) . In vertebrates, FGFs, with molecular masses ranging from 17 to 34 kDa, are highly conserved in gene structure and amino-acid sequence. FGFs are expressed in spatial and temporal patterns during embryonic developmental stages and adult life. Some FGFs, such as FGF3, 4, 8, 15, 17 and 19 are only expressed during embryonic development, while others, such as FGF1, 2, 9, 18, and 22 are expressed throughout lifespan. FGFs exert their biological activities, through interacting with 2 types of receptors, i.e. low affinity receptors (heparan sulfate proteoglycans) and high affinity receptors (FGFRs). Heparin/Heparan sulfate, FGF, and FGF receptor form a trimolecular complex (4) . Different FGFRs share 55% and 72% homology at the amino acid level (5) . As membrane bound receptor tyrosine kinase, a typical FGFR contains a hydrophobic leader sequence, three immunoglobulin (Ig)-like domains, an acidic box, a transmembrane domain, and a divided tyrosine kinase domain. Classically, FGFR1, 2, 3 have two major isoforms (IIIb, and IIIc) generated through alternative splicing (6, 7) . For FGFR2, the carboxy-terminal half of IgIII is either encodes by exon 8 (IIIb, FGFR2b) or exon 9 (IIIc, FGFR2c). FGFR2b is expressed in epithelial lineages, while FGFR2c expression is restricted to mesenchyme (8, 9) . Interestingly, FGF ligands and FGF receptor isoforms interact with each other in a paracrine fashion, i.e. the mesenchyme-based ligands (FGF7, and 10) activate only FGFR2b that is expressed in the overlaying epithelium, whereas the epithelium-based ligands (FGF2, 4, 6, 8 and 9) mainly bind to mesenchyme-expressed FGFR2c (8) (9) (10) . In general, each FGFR or its isoform can bind multiple FGF ligands with varying affinity and specificity, and vice versa. For example, FGF9 can either bind to FGFR3c with high affinity, or bind to FGFR2c with lower affinity. (11, 12) , which physically bring the intracellular domains of FGFRs together, leading to the phosphorylation of several specific tyrosine residues located in the intracellular domains of FGFRs. Phosphorylated tyrosine residues, in turn, recruit SH2 domain-containing signaling molecules and propagate the signal through multiple pathways [reviewed in (13) ]. In general, FGFRs mediate extracellular FGF signals by at least two independent pathways. First, FGFRs directly or indirectly bind to SH2-containing targets enzymes, such as PLC-γ, CRK and SRC (13) . Secondly, FGFR is linked to SNT-1/FRS2 (FGFR substracte) (14, 15) through an interaction at the juxtamembrane domain. By binding to adaptor protein GRB2/SOS, FRS2 further links FGFRs to RAS-RAF-MAPK (mitogen-activated protein kinases) pathways. Since FRS2 is constitutively associated with FGFR1 without receptor activation (16) , this pathway seems to function independently of receptor phosphorylation.
As a family, FGFRs share high degree of homology at the amino acid level (5). They also contain similar structural and functional motifs, suggesting that the signaling pathways mediated by different FGFRs are probably similar. Raffini et al. made chimeric receptors composed of the extracellular domain of the human platelet-derived growth factor (PDGF)α receptor and the transmembrane and intracellular domains of FGFR1, or 3 (17) . They found that all chimeras could activate phospholipase C-γ, SHC, FRS2, ERK1 and ERK2 after being transfected into PC12 cells. It was therefore proposed that the principal difference between FGFR1, 3, and 4 is the strength (or intensity) of the tyrosine kinase activity, but not the qualitative differences in signaling capacity, i.e. FGFR1, 3, and 4 might have similar signaling pathways, primarily FRS2 and, perhaps, PLC-γ (17). Consistent with this, both receptor kinase domains of FGFR1 and FGFR3 appear to have similar activities and cause similar skeletal phenotypes when expressed in proliferating chondrocytes in vivo (18) .
Signaling pathways triggered by FGFR activation are involved in almost all kinds of cellular events including cell fate specification, proliferation, differentiation, migration, survival and apoptosis. By regulating these events, FGF signaling plays diverse indispensable roles in the developmental processes and adult homeostasis of living organisms. Thus, FGF signaling must be tightly regulated. Recently, both positive and negative feedback loops have been found. SPRY (Sprouty) was the first feedback regulator of the FGF signaling. First found through genetic screen in Drosophila (19) , SPRY acts as an antagonist by binding, through its tyrosine residue phophorylated by FGF signaling, to GRB2 and thus prevents GRB2 binding to FRS2 (20) . Another possible mechanism for the antagonist action of SPRY is that its binding to RAF interferes with the activation of the MAPK pathway (21).
FGFR1 and 2 also interact with SEF, a singlepass transmembrane protein with high homology with IL-17 receptor. Ectopic expression of SEF results in blocking of FRS2, and suppressing of phosphorylation of ERK, MEK and AKT, suggesting SEF acts at the level of FGFR to downregulate major downstream signaling pathways of FGFRs [Reviewed in (22) ]. On the other hand, XFLRT3, a transmembrane protein found in Xenopus, acts as a positive regulator of FGF signaling during Xenopus development. Overexpression of XFLRT3 in animal explants causes activation of RAS-MAPK pathway, while dominantnegative FGFR1 blocks this activation, suggesting XFLRT3 is specific for RAS-MAPK pathway (23) . In addition, other proteins, like PEA3, MKP1, 2, etc, are also involved in the regulation of FGF signaling at various levels. Working together, these molecules act at different levels of the signaling transduction cascade to precisely regulate FGF signaling activities (22) .
FGFS/FGFRS SIGNALING IN THE DEVELOPING LIMB BUD
The normal limb development initially emerges, at the flank region of the embryo, as a bud of mesenchymal cells from the lateral-plate mesoderm covered by a layer of ectoderm. The outgrowth and patterning of the developing limbs are dependent on three functionally distinct anatomic structures of the limb bud-the apical ectodermal ridge (AER), the zone of polarizing activity (ZPA) and the distal mesenchyme (also termed progress zone, PZ). They work coordinately together to establish over time the proximaldistal (P-D), and anterior-posterior (A-P) axes of the limb [Reviewed in (24) (25) (26) (27) ].
The AER, which is induced by signals from the rapidly proliferating mesodermal cells, is a specialized thickening structure of ectoderm (epithelium) covering the tip of the limb bud. The AER is essential for the sustained outgrowth and the patterning of the limb through its interaction with the underlying mesenchyme (28,29). The ZPA is a region of mesenchyme at the posterior margin of the limb bud, where sonic hedgehog (SHH) provides the spatial cues for the growing of the limb bud along the A-P axis. The PZ is composed of undifferentiated mesenchymal cells lying beneath the AER. According to a model proposed by Summerbell et al. Skeletal pattern of (33, 34) . Furthermore, targeted deletion of FGF4 and FGF8 in the AER generated limbless embryos at birth (25, 35) . Notably, FGF4 and FGF8 double mutant limb buds were abnormally small despite having initiated normally. Increased apoptosis was found in limb mesenchymal cells, suggesting that AER-FGF serves as a surviving factor that regulates number of precursor cells of nascent limb mesenchyme (25, 35) . Interestingly, apoptotic cells in the mesenchyme were distance away from the AER, and the alteration of AER-FGF frequently resulted in abnormal formation or complete absence of the proximal skeletal elements (25, 35, 36) . These findings led to a new model for limb development and patterning along the P-D axis (25, 36) . According to this model, the components of the skeleton (the autopod, zugopod and stylopod) are specified much earlier than assumed by the PZ model and may be independent of drop-out time, and limb outgrowth is associated with expansion and sequential differentiation of these elements (25,36).
The importance of FGFRs in limb development is also demonstrated by gene targeting. FGFR2-null embryos are limbless ( Figure 1A , B) and no expression of FGF8 in the presumptive limb ectoderm was found in these embryos, while FGF10 diminished later after initial expression in the mesenchyme (9) . Based on these findings, Xu et al. proposed a model for the roles of FGFs/FGFR2 in the regulation of limb formation (9) . According this model, FGF10 secreted by the underlying distal mesenchyme induces expression of FGF8 in the AER by activating FGFR2b expressed in the ectoderm. On the other hand, FGF8, after diffusion to the underlying mesenchyme, maintains the expression of FGF10 by activating the mesenchymally expressed FGFR2c ( Figure 1C ).
To further distinguish the functional differences between the mesenchyme-expressed FGFR2c and the epithelium-expressed FGFR2b in limb development, mutant mice carrying targeted disruption of FGFR2b or FGFR2c were generated (37, 38) . FGFR2b-null embryos have limb buds, however, display extensive apoptosis of ectoderm and mesenchyme of the limbs at embryonic (E) day 10, suggesting that FGFR2b is not required for limb bud initiation although it appears to be essential for limb bud maintenance and growth (37) . The limb buds of FGFR2b-null embryos still express Fgf8, Fgf10, Bmp4, and Msx1, indicating that these genes are not direct downstream targets of FGFR2b. On the other hand, FGFR2c-null mice did not exhibit obvious abnormalities on limb development, suggesting that FGFR2c is not essential for the initiation or the maintenance of the limb (38) .
Compare to FGFR2, FGFR1 is mainly expressed in mesenchyme of limb bud. FGFR1-null embryos die at stages prior to limb induction (39, 40) . To study the role of FGFR1 during limb development, FGFR1-deficient embryonic stem (ES) cells were injected into wild type embryos to form chimeric embryos (41) . Analysis of high degree chimeric embryos indicated that these embryos could initiate limb formation, suggesting that lack of FGFR1 might not block limb bud initiation (41) . However, at E10.5, FGFR1-deficient cells were absent from the distal mesenchyme, while preferentially populating the ectoderm and the AER. At E11.5-E12.5, all chimeric limb buds were developmentally retarded with abnormal shape. Further study in embryos deficient for the full-length isoform of FGFR1 confirmed the essential role of FGFR1 in distal limb mesoderm patterning and digit formation [(42) and our unpublished observation].
FGFS/FGFRS SIGNALING IN ENDOCHONDRAL OSSIFICATION AND CHONDRODYSPLASIA

FGFs/FGFRs expression
There are two fundamental mechanisms of bone formation in the vertebrate: endochondral and intramembranous ossification. The former, accounting for the formation of all the long bones of the organism, involves a two-stage process whereby cartilage-forming cells, chondrocytes, form a pre-bone cartilaginous primordia or template in which osteoblasts differentiate and continue the process of ossification. The latter, which will be discussed in the section 5, is principally involved in the formation of the flat bones of the skull in which mesenchymal cells directly develop into osteoblasts which, in turn, secrete the proteins of the bone matrix, ultimately resulting in calcification and bone formation.
FGF2 expression was found both in growth plate chondrocytes and periosteoblasts of the long bones, but FGF2-deficient mice showed only mild decrease in bone mass without obvious abnormality in chondrogenesis (43) . FGF9 is also expressed in chondrocytes of growth plates. But FGF9-null mice have apparently normal skeleton development (44) . Overexpression of FGF2 or FGF9 in chondrocytes of mice, however, results in dwarfism phenotypes similar to that caused by gain-of-function mutation in FGFR3 (45, 46) . Other FGFs, including FGF7, 8, 17, and 18, have been found in perichondrium. FGF18-deficient mice showed skeletal phenotypes in bones formed by both endochondral ossification and intramembraneous ossification (47, 48) . However, disruption of FGF7, 8, or 17 in mice yields no obvious defects in endochondral ossification (49) (50) (51) .
Distinct expression patterns of FGFR1, 2, and 3 are found during the developmental processes of endochondral ossification. During early limb development, FGFR1 is expressed in mesenchyme and the periphery of mesenchymal condensations, while FGFR2 is mainly expressed in condensing mesenchyme. FGFR3 is first expressed in chondrocytes differentiated initially from the center of the mesenchyme condensation. During late stage of long bone development, FGFR3 is expressed in reserve and proliferating chondrocytes (52-55). FGFR1 and 2 are expressed mainly in the perichondrium and periosteum. FGFR1 expression is also found in prehypertrophic and hypertrophic chondrocytes. The expression patterns of FGFR1, 2, and 3 are consistent with their roles in endochondral bone development.
Chondrodysplasia caused by mutations of FGFRs
More than a dozen of human skeletal dysplasias have been linked to point mutations in the genes encoding FGFR1, 2 or 3 [ Table 1 and reviewed in (27)]. According to the major skeletons affected, these disorders can be broadly classified into two groups: chondrodysplasia syndromes and craniosynostosis syndromes. The chondrodysplasia syndromes include hypochondroplasia (HCH), achondroplasia (ACH), and thanatophoric dysplasia (TD). Interestingly, all these syndromes are caused by mutations in FGFR3, and their major skeletal defects are found in the long bone formed through endochondral ossification. Among the dwarfisms, ACH is the most common form with a frequency of approximately 1 in 20,000 live births. ACH is characterized by rhizomelic dwarfism (shortening of the proximal and, to a lesser extent, distal element of long bones), lumbar lordosis, macrocephaly (frontal bossing), and depressed nasal bridge (56) (57) (58) . The phenotypes of HCH, ACH, and TD exhibit progressively increasing clinical severity (59, 60) . HCH is phenotypically similar to, but much milder than ACH.
TD is the most common lethal neonatal skeletal disorder, and is phenotypically similar to homozygous cases of ACH (61, 62) . TD patients usually die during perinatal or neonatal period presumably as a result of extremely limited respiration caused by impaired thoracic cage development. Based on their characteristic femora and the presence or absence of cloverleaf skull, TD is subgrouped into TD-I (with straight femurs and severe cloverleaf skull) and TD-II (has curved femurs without severe cloverleaf skull). Approximately 90% of ACH is caused by G380R mutation in FGFR3 (58, 63, 64) . Majority of TD-I patients are associated with R248C mutation. Other mutations including S249C, S371C, Stop807G, Stop807R, have been found in TD-I patients (Table 1) . Surprisingly, different mutations at K650 in the tyrosine-kinase domain cause distinct diseases. K650E mutation causes all cases of TD-II, whereas K650M mutation is found to cause Severe Achondroplasia with Developmental Delay & Acanthosis Nigricans (SADDAN; Table 1 ). As the name suggests, SADDAN patients also display acanthosis nigricans, and structural and functional anomalies in central nervous system alongside severe sekeletal dysplasia. Finally K650N mutation causes HCH (Table 1) .
Histologically, the major abnormalities of dwarfism occur at the growth plates of the long bone. The growth plates of patients show narrowed zones of proliferating and hypertrophic chondrocytes with shorter and disorganized proliferating chondrocyte columns (65) . Consistent with the severity of clinical phenotypes, the growth plates of TD patients are most severely affected.
Since FGFR3 deficient mice showed overgrowth of long bones, a phenotype opposite to that of dwarfism caused by point mutations in FGFR3, it is suggested that the mutations in FGFR3 causing ACH, HCH and TD are gain-of-function mutations. Further studies confirmed that overactivation of FGFR3 caused by those point mutations result in human genetic dwarfing chondrodysplasia (66, 67) . Although G380R mutation (ACH) increased the basal activity of FGFR3 by approximately 18 fold, the FGFR3 with G380R can be further activated by FGF ligands (66, 67) . In vitro receptor activation assay revealed that there is a correlation between the degree of receptor activation and the severity of the dwarfism phenotype. In general, mutations causing TD lead to more obvious receptor activation than those for ACH and HCH (66, 67) . FGFR3 mutation can also lead to enhanced receptor activity through other mechanisms. For example, it was demonstrated that ACH-causing mutations of FGFR3 disrupted c-Cbl-mediated ubiquitination, allowing diversion of actively signaling receptors from lysosomes to a recycling pathway where their survival is prolonged. Consquently, signaling capacity of the mutant receptors is increased (68).
Animal models
So far, a number of mouse models carrying various mutations in FGFR3 have been generated. Table 2 lists the various mutant mouse strains associated with skeletal dysplasias caused by mutations in FGFRs. Phenotypically, these mice exhibit features mimicking the corresponding human conditions [reviewed in (69) ]. The major phenotypes include smaller body size, shortened long bone and body lengths as well as dome-shaped skull. Mutant mice have disorganized growth plates with narrow proliferating and hypertrophic zones. The proliferation chondrocyte columns are irregular and shorter. Mutant mice also have advanced bone collar formation and shorter trabecules. Consistent with observations in human, there is also graded severity of these phenotypes among mutants with different mutations. Mice carrying K644E (equivalent to K650E that causes TD-II in human), show most severe phenotypes, and die within few hours after birth, while mice harboring G369C (equivalent to G375C mutation in human) exhibit milder phenotypes than those carrying S365C (equivalent to human S731C that causes TD-I) and K644M (equivalent to human K650M that causes SADDAN). Even for the same mutation, its expression level determines the severity of phenotype. For example, when expression level of K644E mutation, introduced into mouse FGFR3 using a cDNA knock-in approach, was around 10% of the wide type FGFR3, the mutant mice exhibited mild chondrodysplasia mimicking the human HCH condition (70) . However, when the same mutation (K644M) was introduced into FGFR3 using classical genomic DNA knock-in approach, it was expressed at a level comparable to the wild-type allele and led to severe dwarfism phenotypes mimicking human TD-II (71).
Molecular mechanisms for FGFR-related chondrodysplasia
Significant advances in understanding the mechanisms of FGFR mutation-related human skeletal genetic diseases have been achieved over the last decade. A combination of human and mouse genetics as well as other molecular techniques have contributed greatly to our endeavor to uncover the role of FGFR3 in endochondral ossification. Long bone development is a tightly regulated process involving the elegant coordination of chondrogenesis and ossification at the growth plates, and osteogenesis at the perisoteum. FGFR3 is mainly expressed at reserve, proliferative and prehypertrophic chondrocytes of growth plates, suggesting that its major role is in chondrogenesis. Chondrogenesis is accomplished by the sequential processes of chondrocyte proliferation, differentiation and apoptosis. FGFR3 affects bone development mainly through its influence on each of these processes. It was shown that FGFR3-null mice exhibited faster and prolonged endochondral bone growth as a result of increased proliferation of chondrocytes at the growth plate (54, 55) . Conversely, mouse models harboring gainof-function mutation of FGFR3 showed decreased proliferation of growth plate chondrocytes evidenced by shortened length of long bone and decreased height of proliferation zone of chondrocytes in growth plates. Also, FGF treatment of bone rudiment from wild type mice resulted in decreased chondrocyte proliferation (67) . These observations lead to the conclusion that FGFR3 is a negative regulator of bone growth.
Using mouse models to study underlying mechanisms responsible for the decreased chondrocyte proliferation, we have found upregulated expression of cell cycle inhibitors (P21, P16, P18, and P19) and a number of STAT proteins (STAT1, STAT5a, and STAT5b) in chondrocytes of growth plates (70, 72) . These observations are consistent with the results of in vitro studies on cultured cells, which showed that the ectopic overexpression of constitutively activated mutant FGFR3 or treatment of cells with FGF could induce nuclear translocation of STAT1 and expression of p21 (WAF1/CIP1) (73, 74) . Furthermore, the results of transfection assays indicate that mutations of FGFR3 resulting in milder dwarfism (ACH and HCH) induced weaker activation of STAT1 than mutations resulting in severe chondrodysplasia (TD-II). These data suggest that activated FGFs/FGFRs function through STAT1 mediated pathway. Consistently, FGF2 treatment failed to induce growth inhibition in primary chondrocytes derived from STAT1-null mice (74) as it does in wild type chondrocytes.
By crossing transgenic mice overexpressing FGF2 with STAT1-null mice, it was found that the absence of STAT1 could rescue the dwarfism phenotypes in cultured bones (74) and in adult animals (75) , further indicating that STAT1 acts downstream of FGF2 to inhibit chondrocyte proliferation. However, in another study (76) , it was found that crossing STAT1-null background into achondroplasia mice harboring G374R mutation only restored the reduced chondrocyte proliferation without rescuing the reduced hypertrophic zone and delayed formation of secondary ossification centers observed in ACH mice. The STAT1 -/-FGFR3 G374R mice still showed achondroplasia-like phenotype, although of a magnitude slightly milder than that of FGFR3 G374R mice (76) . It is therefore proposed that STAT1 mainly mediates the inhibitory effects of FGF signaling on chondrocyte proliferation, while MAPK mediates the inhibition of chondrocyte differentiation (76) .
Of note, majority of studies using transgenic mouse models showed that FGFR3 activation inhibits proliferation of chondrocytes (67, 70, 72, 77) . However, these investigations studied mice at their perinatal and postnatal stages since these animals did not exhibit obvious skeletal defects until after birth (67, 70, 72) . Studies on mutant mice harboring FGFR3-K644E mutation at embryonic stages by Iwata et al. revealed that the mutant embryos displayed enhanced proliferation of growth plate chondrocytes during early stages of endochondral ossification (E14-15). At a later gestational age (E18) however there were no obvious differences between mutant and wild type in their chondrocytes proliferation, suggesting that the inhibitory effects of FGF signaling on chondrocyte proliferation is dependent on the developmental stage (71) .
FGFs/FGFRs may initiate multiple signaling pathways to exert their unique action on cells proliferation and differentiation. In chondrocytes, activation of STAT1 and pRB family protein p107 and p130 might mediate the chondrocyte growth arrest induced by FGF signaling (78, 79) . Additionally, PTHrP and IHH signaling has been known to stimulate chondrocyte proliferation, and reduced expression of IHH and PTHrP-R in ACH mice might also indirectly contribute to the decreased chondrocyte proliferation seen in ACH mice. Also, targeted disruption of PTHrP or PTHrP-R in mice results in lethal osteochondrodysplasia characterized by reduced proliferation (80-82). Notably, ACH and TD mice exhibited marked decrease in the expression of Ihh and PTHrP receptor, while FGF2 treatment directly led to downregulation of the Ihh and PTHrP-R prior to appearance of bone abnormality (72). Considering the important roles of IHH and PTHrP in long bone development (83) , it has been suggested that part of FGFR3's influence on chondrocyte proliferation is mediated through its regulation of IHH and PTHrP-R (Figure 2 ) (72).
Absence of IHH and PTHrP-R result in expansion of the zone of hypertrophic chondrocytes, suggesting that IHH/PTHrP-R signaling inhibit chondrocyte differentiation (82) (83) (84) . However, the mice harboring constitutively activated mutant FGFR3, despite the downregulated Ihh and PTHrP-R in their growth plates, exhibited a much narrower zone of hypertrophic chondrocytes (70, 72, 85) . This observation suggests that FGF/FGF3 signals inhibit chondroctye differention in a manner that is independent of IHH/PTHrP. On the other hand, we have shown that PTHrP treatment could inhibit chondrocyte differentiation in cultured bone rudiments irrespective of their genotypes: wild type, FGFR3-deficient, and FGFR3-activated mutant mice (72). Taken together, these observations indicate that FGF/FGFR3 and IHH/PTHrP signals may function in parallel to inhibit chondrocyte differentiation (Figure 2) . A number of other genes were also reported to have unexpected roles in modulating FGFR3 function in bone deveopmement. Overexpression of C-type natriuretic peptide (CNP) in chondrocytes rescues achondroplasia phenotype of dwarf mice overexpressing FGFR3 G380R by correcting the decreased extracellular matrix synthesis in the growth plate through inhibition of MAPK pathway of FGF signaling (86) . β1-integrins deficient mice showed chondrodysplasia with disorganized proliferation chondrocyte column and decreased proliferation. Surprisingly these abnormalities are accompanied by upregulated expression of FGFR3, P16, P21 and nuclear translocation of STAT1 and STAT5a. This study indicates that β1-integrin may negatively regulate the expression of FGFR3 (87) .
Apoptosis of chondrocytes is an essential process for long bone development. Chondrocytes isolated from patients with TD showed increased apoptosis accompanied by increased BAX expression and decreased BCL2 expression (88) . Mice overexpressing human FGF2 under the control of a constitutive phosphoglycerate kinase promoter (TgFGF mice) exhibit chondrodysplasia characterized by reduced proliferation and increased apoptosis of growth plate chondrocytes (45, 75) . These observations suggest that increased apoptosis of chondrocytes may play a leading role in the pathogenesis of chondrodysplasia resulting from activated mutations in FGFR3. Chondrocytes from TD patients show nuclear translocation of STAT1. Targeted ablation of STAT1 (Stat1 -/-) in mice that overexpress human FGF2 (TgFGF2) corrects the reduced proliferation and excessive apoptosis of chondrocytes to near-normal levels (75) , suggesting that STAT1 mediates the increased apoptosis and reduced chondrocyte proliferation in mice overexpressing FGF2.
FGFs/FGFRs signaling in intramembraneous bone formation and craniosynostosis syndromes 5.1. FGFs/FGFRs expression
FGFs and FGFRs are expressed in cranial bone with distinct spatial and temporal patterns during intramembraneous bone formation. All FGFs, except FGF3 and 4, are identified in coronal suture of E17.5 embryos by RT-PCR (89) . FGF2 is expressed in osteogenic mesenchymal cells and osteoblasts (90, 91) . After birth, FGF2 is produced by mature osteoblasts and stored in the unmineralized bone matrix (92) from where it diffuses into the extracellular environment to form a gradient in the suture. FGF9 is also expressed in mesenchyme of suture in early craniofacial developmental stages (91) . During calvarial bone development, FGF18 is expressed strongly in mesenchymal cells and osteoblasts at the sutures and the rims of the calvarial bones as well as the cartilagenous base of the cranium. Expression of FGF20 extends to the rims of all calvarial bones, including the coronal sutures (47, 48, 89) .
Corresponding to the expression patterns of FGFs, FGFRs also have distinct expression patterns during cranial vault formation. FGFR1 is expressed in the calvarial mesenchyme and later in the osteoblasts. FGFR2 is expressed mainly in the proliferating osteoprogenitor cells within the sutures. FGFR3 is expressed primarily in the cranial cartilage, and is also expressed at low levels in the osteogenic front of suture at later developmental stages (93) (94) (95) . The IIIc splice variants of FGFR1-3 and the IIIb variant of FGFR2 are expressed by differentiating osteoblasts at osteogenic fronts of calvarial bones at E15 (95) . FGFR1-3 are all intensely expressed in the cartilages of the cranial base (95, 96) . Since cranial chondrogenesis in synochondroses might affect suture development indirectly, the expression of FGFR1, 2 and 3 at the cranial base suggests that CS-causing mutations in FGFRs may also manifest as growth defects of the cranial base.
FGFs/FGFRs signaling in intramembraneous ossification
The distinct expression patterns of FGFs/FGFRs in calvarial bone highlight the important roles of FGF signaling in regulating the calvarial skeletogenesis. Based on the distinct expression patterns of FGFR1 and 2, it was proposed that signaling through FGFR2 regulates stem cell proliferation whereas signaling through FGFR1 is involved in the osteogenic differentiation process but not in maintaining the differentiated state (97) . In another study, application of FGF2 or FGF4 soaked beads to developing coronal sutures of mouse resulted in synostotic coronal suture accompanied by induction of apoptosis, collagen type I expression and mineralization (98) . In contrast, expression of a dominant-negative FGFR1 gene inhibited suture fusion in rat calvaria (99) . Conversely, blocking of endogenous FGF2 activity in chicken using beads soaked with neutralizing antibody against FGF2 prevented cranial osteogenesis in a dose dependent manner (100). Minor reduction of endogenous FGF2 led to a switch of skeletogenic cells from a differentiative to a proliferative mode whereas further blocking of FGF2 function resulted in abolishing of both proliferation and differentiation.
As a part of a complex signaling network, FGF signaling may interact with many transcription factors in a coordinated way to regulate calvarial bone formation. FGF can upregulate osteocalcin expression in osteoblasts that is inhibited by MSX2 (101) . FGF2 also induces Twist expression in mouse calvarial mesenchyme (95) . While Twist heterozygous mice showed altered FGFR2 expression (95), Funato et al. also showed that TWIST could inhibit osteoblast differentiation by downregulating FGFR3 expression (102) . This observation suggests that TWIST acts upstream of FGF signaling pathways, and MSX2 may indirectly downregulate TWIST expression through its inhibition of FGF2 (103) . Recently, TGF-β family was found to play an important role in suture development (103, 104) . TGF-β2 and TGF-β3 can regulate osteogenic suture cell proliferation and apoptosis (103, 104) . Prolonged treatment of FGF2 leads to increased TGF-β2 production in human osteoblasts (105) . Conversely, TGF−β regulates FGF2 and FGFRs expression in osteoblastic cells (106) . This observation suggests that FGF signaling might affect suture morphogenesis through interaction with TGF-β signaling.
BMP signaling is also very important for skeletal development. BMPs interact with FGF and other signaling pathways to control calvarial bone growth during intramembranous bone development (103, 107) . Warren et al. recently reported that during suture development, FGF2/FGFR2 signaling leads to increased BMP4 activity and suture fusion through its inhibition on the expression of the BMP antagonist, noggin (108) , suggesting that FGF signaling can either directly or indirectly control cranial suture fusion through BMP signaling.
In addition to the molecules mentioned above, FGF signaling also interacts with IGF, HGF and VEGF to affect calvarial osteogenesis in vivo. For example, FGF2 upregulates IGF-I expression and inhibits the expression of its regulatory binding protein-IGF binding protein-5 in bone cells (109,110). Moreover, FGFs were also found to increase VEGF production of osteoblasts (111).
FGFs/FGFRs in CS
Craniosynostosis is a clinical condition characterized with precocious closure of one or several calvarial sutures. This relatively common developmental anomaly has been found in over 100 distinct genetic syndromes and has an estimated overall incidence of 1 in 2500-3000 live birth (reviewed in (112) (113) (114) (115) . Besides malformed skull with varying severity, patients, in some cases, have appendicular skeleton malformation, such as syndactyly of the hands and feet (Apert syndrome) or broad thumbs and big toes (Pfeiffer syndrome), and neurological sequelae of increased intracranial pressure that needs surgical intervention. Some CS patients exhibit other complication such as deafness, blindness and mental retardation. Depending on the sutures affected and the accompanying noncranial complications, CS patients have adopted clinical syndromic designations that include Apert, Crouzon, Pfeiffer and Saethre-Chozen syndromes (Table 1) each with its own characteristic craniofacial features.
Apert is one of the most severe forms of CS caused by S252W and P253R in FGFR2. Mutations in FGFR3 have also been found to cause CS. For example, the P250R mutation of FGFR3 is associated with unicoronal or bicoronal synostosis. Most of the mutations in FGFRs responsible for CS are sporadic, dominant gain-of-function missense mutations. The major histological features of CS patients are premature fusion and excessive bone formation at the suture (Table 1) .
Animal models
Using human material and cultured wild type or mutation-carrying cells, significant achievements have been made in recent years in the elucidation of molecular and cellular mechanism of CS. To study the underlying molecular mechanisms of FGFRs related CS in a bettercontrolled condition, mouse models for the FGFR-related CS have been generated by gene targeting approach (Table  2) . A P250R mutation (corresponding to the P252R mutation found in human Pfeiffer syndrome) was introduced into the mouse FGFR1 to generate mouse model mimicking human PS (116) . The mutant mice exhibited craniofacial phenotype mimicking that of Pfeiffer patients, which includes anterior-posteriorly shortened, laterally widened, and vertically heightened neurocraniums, and grossly as well as histologically confirmed premature fusion of the interfrontal, coronal and sagittal suture. Compared with wild type mice, the sutures of mutant mice had more AKP-positive cells and transiently enhanced osteoblast proliferation, and intensified expressions of osteoblast genes including Cbfa1, BSP (Bone Sialoprotein), osteopontin and osteocalcin in sutures. The upregulation of Cbfa1/Runx2 by FGFR1 signaling was further confirmed by transfection of wild type and mutant FGFR1 into cultured cells (116) .
These data suggest that P250R mutation promotes the differentiation of sutural osteoblasts through the activation of CBFA1/RUNX2 (116). Zhou et al. proposed that premature differentiation of osteoblasts might be responsible for the human Pfeiffer syndrome caused by P252R in FGFR1. Using a similar strategy, we have generated a mouse model mimicking human Apert syndrome by introducing a S252W mutation into mouse FGFR2 (117) . Like human Apert patients, the mutant mice showed only premature fusion of the coronal suture, while the sagittal suture was normal. In contrast with results from human samples and cultured cells, mutant mice have neither significant changes in proliferation (BrdU/3H-thymidine incorporation) nor obvious alterations of Bsp, Akp, Osteocalcin and Cbfa1/Runx2 expression, suggesting that the proliferation activity and differentiation of sutural cells are changed. Interestingly, the mutant mice have increased apoptosis and BAX expression in the coronal suture (117) . This observation suggests that increased cell death, instead of altered proliferation or differentiation, is the primary reason for the occurrence of Apert syndrome. It has long been thought that defects in cranial base might inform the pathogenesis of craniosynostosis. However, the FGFR2-S252W and FGFR1-P250R mutant mice did not display histological abnormalities in cranial base, suggesting that the major reasons for the FGFR1, and 2 related craniosynostosis are abnormal morphogenesis in the sutures with very limited role for the cranial base.
Recently, a viable mouse model with a Cys342Tyr mutation in FGFR2 (equivalent to a mutation in human for Crouzon and Pfeiffer syndromes) showed shortened face, protruding eyes, and premature fusion of cranial sutures (118) . More importantly, these mice showed enhanced Cbfa-1 and Spp1 (osteopontin) expression, indicating increased osteogenesis. Notably, the mutant mice exhibited significantly increased number of osteoblasts in the femur and osteoprogenitor cells in the bone marrow stem cells. There also was an increase in the number of proliferating (osteoprogenitor) cells in the coronal suture at E14.5.
Molecular mechanisms for FGFR-related CS
Although studies have shown that majority of the mutations corresponding to CS in FGFR1, and 2 lead to constitutive activation of the receptors (2, 27, 67, 119) , the underlying mechanisms responsible for the activation seem different. Some mutations in FGFR1 and 2 constitutively activate the receptors by stabilizing intermolecular disulfide bonds, causing ligand-independent dimerization and activation. Many mutations occur in the ligand-binding region, between Ig like domains II and III, and result in loss or gain of a cysteine residue, leading to ligand-independent activation of the receptors. The FGFR2-S252W mutation, however, was not found to result in constitutive activation of the receptor, but instead, receptors with this mutation bind ligands tighter (120) . Yu et al. reported that the FGFR2-S252W mutation altered the ligand-binding specificity of FGFR2 and allows the mesenchymal splice form (FGFR2c) to bind and be activated by the mesenchyme-expressed FGFs (FGF7 and 10). Furthermore, the epithelial splice form (FGFR2b) binds and is activated by the epithelium-expressed FGFs (FGF2, 6, and 9) resulting in disturbed FGF signaling within the suture (10, 121) . The C342Y mutation in FGFR2 results in ligand-independent FGFR2 activation and significantly decreased binding of FGF2 to the receptor (122) .
Like many anatomic structures, suture development depends on the balance between mesenchymal cell condensation, proliferation, differentiation and apoptosis. Perturbation of any of these processes may lead to suture anomaly and subsequent malformation of the skull. Elevated cell numbers are proposed as a contributory factor for premature closure of cranial suture. FGF4 in cultured calvaria and overexpression of MSX2 in mice led to premature suture fusion with increased cell proliferation (91, 123) . Recombinant human FGF1 treatment increases the number of osteogenic cells and promotes calvarial osteogenesis of mice (123) . Conversely, disruption of FGF2 gene in mice results in decreased calvarial bone formation and bone mass (43) . In addition, blocking of endogenous FGF2 activity inhibits cranial osteogenesis (100).
FGFs signaling also regulate differentiation of calvarial cells. Local application of FGF2 induces suture closure accompanied by locally decreased cell proliferation and increased expression of markers for osteoblast differentiation, suggesting that shift from proliferation to differentiation is caused by enhanced FGF signaling (97) . It has been suggested that FGF signaling affects osteoblast differentiation at different levels through interacting with CBFA1/RUNX2 and Osteocalcin. CBFA1/RUNX2 can induce expression of a series of osteoblast genes including Osteopontin and Osteocalcin. Human cleidocranial dysplasia is associated with haploinsufficiency mutation of CBFA1/RUNX2 (124) . CBFA1/RUNX2 -ull mice have completely no Osteoblasts (125) . C3H10T1/2 cells either transfected with wild-type or Pfeiffer-causing mutant FGFR1 cDNA, or treated with FGF2/FGF8, showed induced expression of Cbfa1/Runx2 and its downstream transcription targets such as osteocalcin and bone sialoprotein (116) , strongly suggesting the induction of Cbfa1/Runx2 even in non-osteoblasts by FGF activity.
As a downstream target gene regulated by CBFA1/RUNX2, Osteocalcin is so far the most specific marker for matured osteoblast. Osteocalcin-deficient mice have increased osteoblast function resulting in high bone mass phenotype (126 (129, 130) . PKC and SRC-kinase pathway mediated the induction of N-cadherin expression in human neonatal calvaria osteoblasts by FGF-2 (131) . PKC is also involved in the stimulation of sodium-dependent phosphate transport induced by FGF2 in MC3T3-E1 osteoblast-like cells (132) .
Several lines of evidence indicate that FGF signaling also regulates apoptosis of cranial sutures. Like its influence on osteoblast differentiation, the effect of FGF signaling on osteoblast apoptosis varies on different developmental stages. Debiais et al. found that FGF2 first protects cultured human calvarial osteoblasts from apoptosis induced by serum starvation before stimulating apoptosis (133) . In vivo, FGF signaling induces apoptosis in more differentiated osteoblasts. FGF2 induces apoptosis in the developing coronal suture (98) . In transgenic mice overexpressing FGF2, apoptosis is increased and the apoptotic cells are concentrated at the osteogenic front representing differentiating calvarial osteoblasts (134) . Marie et al. proposed that acute FGF signaling might reduce apoptosis of immature osteoblasts, whereas continuous signaling may promote apoptosis in more mature osteoblasts (107) . Apoptosis may be a mechanism, through which the number of osteoblasts of different stages is maintained at appropriate levels.
Alteration of a number of molecules, including overexpression of IL-1 and FAS, activation of PKC and caspase-8, and increased levels of BAX/BCL-2, was found to be involved in the mechanism by which FGF/FGFR signaling promotes osteoblast apoptosis (117, 135, 136) . By mediating the increased differentiation and premature apoptosis, activation of PKC appears to play a key role in the pathogenesis of craniosynostosis caused by FGFR2 associated mutations (107,136).
PERSPECTIVES
Significant advances have been made toward our understanding of skeletal development and related genetic diseases. Over the years, the results of intense studies have helped elucidate more clearly the roles of FGF signaling in skeletogenesis and related skeletal diseases. Nevertheless, many unresolved issues remain in this area. For example, it is not clear why different mutations in the same receptor result in activation of the receptor at varying levels and yield different distinct syndromes. It is unclear whether differences in downstream signaling pathways account for different mutations. It is therefore important to identify upstream and downstream molecules participating in morphogenesis in wild type and mutated FGFRs that ultimately lead to normal skeletal development and skeletal dysplasias respectively. The feedback loop regulating FGFs/FGFRs signaling also needs elucidation. Functions of various FGFs and FGFRs in skeletal development and skeletal dysplasias are yet to be completely understood.
There are an increasing number of signaling molecules found to regulate endochondral and intramembraneous ossification through their distinct action on proliferation, differentiation and apoptosis of chondrocytes and osteoblasts. How these molecules interact with FGFs/FGFRs signaling pathway to coordinate the skeletal development is one of the major unresolved issues in this field. Further understanding of the interaction between FGFs/FGFRs signaling and other important molecules and signaling pathways is also very important. With the advent of an increasing number of transgenic and knock out mice being created, crossing between mouse strains harboring FGFs/FGFRs mutations with other mouse models carrying genetic modifications of genes regulating FGF signaling are expected to shed more light on the interactions between FGFs/FGFRs and their interacting molecules as well as the pathways involved.
Skeleton elements are primarily composed of three major cell types: chondrocytes, osteoblast and osteoclasts. Although our current works on the mechanism of chondrodysplasia and craniosynostosis resulting from mutations of FGFRs focus mainly on the role of chondrocytes and osteoblasts, the role of osteoclasts in the overall scheme of normal skeletal development and maintenance cannot be underestimated. Normal bone structure depends on a balance between chondrocytes and osteoblasts on the one hand, and osteoclasts on the other hand. It is therefore important to determine the precise roles of osteoclasts in the development of long bones and the cranial sutures. In this regard, FGF signaling has been shown to affect osteoclastgenesis and function. FGF2 can induce formation of osteoclast-like cells in murine bone marrow cultures (137) and activate mature osteoclasts (138) . FGF18 also promotes osteoclast formation. With respect to FGFRs, mice with activated mutation in FGFR3 showed increased TRAP-staining, suggesting enhanced osteoclast activity.
Our understanding of the role of FGF signaling in bone development is also of some usefulness in the context of the more common skeletal conditions such as bone fractures and metabolic diseases. The role of FGF signaling in fracture healing and metabolic skeletal diseases has been highlighted in the results of a number of studies (139, 140) . The process of fracture healing also involves the two major bone formation processes, i.e., endochondral ossification and intramembraneous ossification. Indeed, fracture healing, to a considerable degree, recapitulates the skeletal developmental process. They share some similar morphogenetic processes and signaling networks. Application of our knowledge of the role of FGF signaling in skeletal development to fracture healing and osteoporosis will facilitate our understanding and search for therapeutic measures for these diseases.
Recent advances in genomics and proteomics continue to play significant roles in the biomedical studies of skeletal diseases. For example, the prospect of developing gene chips directed toward screening patients for potential FGFR mutation related skeletal diseases is now quite bright. Our better understanding of the mechanisms of these diseases, and the availability of mouse models orthologous to human diseases will make it possible to test various therapeutic approaches, such as siRNA, antisense, small inhibitory chemical molecule, neutralizing antibodies, and modulators of signaling molecules mediating FGFRs signaling.
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